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INTRODUCTION AND STATEMENT OF PROBLEM 

Current techniques t o  remove p a r t i c u l a t e s  i n  coa l  f i r e d  power p lan t  f l u e s  a r e  
based on e l e c t r o s t a t i c  p r e c l p i t a t o r s ,  bag houses and w e t  scrubbers.  Typical 
COlleCtiOn e f f i c i e n c i e s  of such devices and t h e  f a r  less e f f i c i e n t  cyclones are 
shown i n  Figure 1 .  Of i n t e r e s t  is the f a c t  t h a t  below 1 pm t h e  e f f i c i e n c i e s  drop 
o f f  r a the r  p rec ip i tous ly .  Work presented by Davies 111, Figure 2, has  shown t h a t  
t h e  human lower pulmonary system is unfor tuna te ly  most e f f i c i e n t  i n  absorbing and 
r e t a i n i n g  p a r t i c l e s  i n  t h e  1 pm range. These p a r t i c l e s  a r e  t h e  primary cause of 
such r e s p i r a t o r y  a i lments  as b ronch i t i s ,  emphysema and lung cancer.  

suspended i n  an urban atmosphere a r e  smaller than  1 pm C23. 
i n  pa r t  t h e  r e s u l t  of t h e  low e f f i c i ency  of p a r t i c l e  c o l l e c t i o n  devices  f o r  t h e  
removal of these small  p a r t i c l e s .  Therefore,  l e g i s l a t i o n  has  been under 
cons idera t ion  a t  t h e  Federa l  l e v e l  which will inc lude  recogni t ion  of p a r t i c l e  s i z e  
r a t h e r  than j u s t  mass removal which is t h e  s o l e  c r i t e r i o n  i n  cu r ren t  Federa l  
l e g i s l a t i o n .  Ca l i fo rn ia  and Maryland have a l ready  l e g i s l a t i o n  i n  e f f e c t  which, as a 
r e s u l t  of a "no v i s i b l e  emission" s ta tement ,  provides some c o n t r o l  of submicron 
p a r t i c u l a t e s .  

The agglomeration or growth of t h e  submicron and low micron s i z e d  p a r t i c l e s  
i n t o  5 t o  20 micron s i zed  agglomerates us ing  high i n t e n s i t y  acous t i c  f i e l d s  for 
subsequent e f f i c i e n t  removal by conventional p a r t i c l e  removal devices ,  such a s  those  
mentioned e a r l i e r ,  is one of t h e  most a t t r a c t i v e  a l t e r n a t i v e s  and t h e  sub jec t  of 
t h i s  paper. Acoustic agglomerators would, t h e r e f o r e ,  be aerosol  condi t ion ing  
devices  i n  clean-up t r a i n s  cons i s t ing  f o r  example, of a f i r s t  s t a g e  of cyclones t o  
remove t h e  l a r g e s t  p a r t i c l e s  followed by an acous t i c  agglomeration device wi th  t h e  
r e s u l t i n g  enlarged p a r t i c l e s  being removed by any one of t he  conventional c l ean ing  
devices.  

Accelerated agglomeration o f  p a r t i c l e s  i n  sound f i e l d s  is not  a new idea .  
William Ostwald  f i r s t  suggested t h e  use of a c o u s t i c  agglomeration t o  c o l l e c t  l i q u i d  
p a r t i c l e s  a s  e a r l y  a s  1866. 
Smoluchouski C31, i n  Germany i n  1915; Andrade C41; Brandt,  Freund and Hiedeman i n  
Germany [5,61 i n  1936; S t .  Clair E71 i n  the  United S t a t e s  between 1938 and 1950; 
Stokes E81 i n  t h e  United S t a t e s  i n  1950. 
Danser and Soderberg and Fowle (9-141, a t  Ul t r a son ic  Corporation i n  Cambridge, 
Massachusetts during t h e  e a r l y  1950 ' s ,  who developed c o m e r c i a l l y  a v a i l a b l e  acous t i c  
coagula tors  for such d ive r se  app l i ca t ions  as cement p l an t s ,  open h e a r t h  gas dus t  
removal, ca l c ina t ed  soda removal, molybdenum d i s u l f a t e ,  ammonium ch lo r ide ,  carbon 
black and o the r  dus t  as W e l l  as l i q u i d  ae roso l  agglomeration. The most thorough and 
o f t en  quoted work was done by Mednikov C151, and o the r  i n  Russia i n  t h e  1960's.  
More recent  work by Volk C16.171 i n  t h e  United S t a t e s  a t  Penn S t a t e  Univers i ty  h a s  
shown s i g n i f i c a n t  agglomeration of carbon b lack ,  white  l ead ,  kaol in  c l ay  and f l y  ash 
dus t s  a t  r a the r  modest a C O U S t i C  l e v e l s ,  between 100 and 120 dB wi th  f requencies  i n  
t h e  1000 t o  6000 Hz range, r ep resen ta t ive  d u s t  loadings  between 0.5 t o  2 gm/m3, a n d  
exposure times vary ing  from 10 t o  40 seconds. Sco t t  [ l e ] ,  i n  Canada performed v e r y  
i n t e r e s t i n g  and important s t u d i e s  on t h e  e f f e c t  of nonlinear acous t i c  effects on 
agglomeration. Shaw E19 - 201, and h i s  a s s o c i a t e s  a t  t h e  S t a t e  Univers i ty  of New 
York a t  Buffalo have performed r e sea rch  of both a t h e o r e t i c a l  and experimental  
na ture  on a c o u s t l c  agglomeration w i t h  spec ia l  emphasis on the phenomena of 

Observations i n d i c a t e  t h a t  c u r r e n t l y ,  approximately 501 of t h e  p a r t i c l e s  
T h i s  f a c t  appears to be 

Notable among the  e a r l y  s t u d i e s  is t h e  work of 

Of much i n t e r e s t  is t h e  work of Neumann, 
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a c o u s t i c a l l y  induced turbulence  at very h igh  l e v e l s  of a c o u s t i c  i n t e n s i t i e s  and a l s o  
t h e  e f f e c t s  of a c o u s t i c a l l y  induced shock waves. 
l a s t  two years under t h e  au thors  d i r e c t i o n ,  has not been a b l e  t o  i d e n t i f y  such high 
a c o u s t i c a l l y  generated turbulence  l e v e l s  under similar condi t ions .  Th i s  important 
sub jec t  w i l l  be d iscussed  i n  t h e  paper. On the  o the r  hand, very e f f e c t i v e  
agglomeration of submicron s i zed  p a r t i c l e s  of f l y  a sh  a t  f l u e  temperatures was 
obtained by us wi th  similar acous t i c  l e v e l s  of 155-165 d B  but  a t  f r equenc ie s  i n  t h e  
2500 Hz range and exposure t imes of about 4 seconds. The d e t a i l s  of t hese  
experiments and the  t h e o r e t i c a l  foundation w i l l  a l s o  be discussed i n  t h i s  paper. 

Recent very success fu l  demonstrations of t h e  h igh  e f f i c i e n c i e s  that can be 
achieved wi th  combined cyc le  gas turbine-steam t u r b i n e  power p l an t s  using 
pressur ized ,  f l u i d i z e d  bed coa l  combustion heat sources have shown t h a t  gas t u r b i n e  
l i f e  is severe ly  l imi t ed  because even t h e  most e f f i c i e n t  a v a i l a b l e  hot clean-up 
devices cannot remove t h e  small  e ros ive  p a r t i c l e s  from t h e  6 t o  10 atmosphere, 
1600OF gas streams. Acoustic agglomeration i n  conjunction w i t h  high e f f i c i e n c y  
cyclone t r a i n s  appears  t o  be t h e  only v i ab le  means of making t h i s  promising new 
power p l an t  concept f e a s i b l e .  We must a l s o  mention t h e  acous t i c  agglomeration 
experiments conducted by the  Braxton Corporation [22]  i n  1974 which d i d  no t  g ive  
good results. In  f a c t ,  e s s e n t i a l l y  no agglomeration was experienced i n  t h i s  r a t h e r  
l a r g e  s c a l e  f a c i l i t y .  These tests which were supported by EPA, were performed a t  a 
frequency of 366 Hz and i n t e n s i t i e s  of 165 dB.  Redispersed cupola dus t  of about 4 
ym mean s i z e  and f l y  a sh  of about 6 mean s i z e  were used a s  dus ts .  The r e s u l t s  of 
our research  and Dr. Shaw's work c l e a r l y  show that for t h e  type  and s i z e  of dus t  
used, f requencies  on t h e  order  of 2500 Hz and 3000 Hz provide  optimum agglomeration. 
I t  i s ,  t he re fo re ,  no t  s u r p r i s i n g  that very poor r e s u l t s  were obta ined  by the Braxton 
experiments.  

both the  t h e o r e t i c a l  and the p r a c t i c a l  a spec t s  of acous t i c  agglomeration. 

acous t i c  agglomeration of  f l y  a s h  can be accomplished ye t  further r e sea rch  is 
requi red  on seve ra l  important acous t i c  and coagulation phenomena before  l a r g e  s c a l e  
demonstration of t h e  t echn ica l  and economic v i a b i l i t y  of t he  process can be 
accomplished. Th eowrk repor ted  has  been supported by t h e  P i t t sbu rgh  and Horgantown 
Energy Technology c e n t e r s  of the  U.S. Department of Energy. 

Research a t  Penn S t a t e  over  t h e  

From these  in t roductory  remarks i t  is apparent t h a t  much work has  been done on 

The research  results t o  date a t  Penn S t a t e  Univers i ty  show conclus ive ly  t h a t  

THE FUNDAMENTALS OF ACOUSTIC AGGLOMERATION OF SMALL PARTICULATES 

L e t  u s  consider a polydisperse  ae roso l  cons i s t ing  of submicron and micron sized 
p a r t i c l e s .  The mean sepa ra t ion  d i s t ance  between p a r t i c l e s  would t y p i c a l l y  be about 
100 microns. Brownian movement of t h e  p a r t i c l e s  is capsed by the  c o l l i s i o n  of t h e  
thermal ly  a g i t a t e d  a i r  molecules with t h e  p a r t i c l e s .  Also any convection c u r r e n t s  
or tu rbulence  i n  t h e  c a r r i e r  gas w i l l  of course  cause  t h e  p a r t i c l e s  t o  be p a r t i a l l y  
en t ra ined  and moved i n  the  a i r .  If we next  impose an acous t i c  f i e l d  of acous t i c  
pressure  p ,  t he  a c o u s t i c  v e l o c i t y  u w i l l  be given by 

where po is the  a i r  dens i ty  and c is the speed of sound i n  t h e  a i r .  
acous t i c  sound pressure  l e v e l  of 160 dB the acous t i c  ve loc i ty  w i l l  be about 5 m/sec 
(for 150 dB the  acous t i c  v e l o c i t y  w i l l  d rop  t o  0.5 m/sec, on t e n t h  t h i s  va lue ) .  For 
a t y p i c a l  acous t i c  frequency of 2000 Hz a f u l l y  en t ra ined  p a r t i c l e  m i g h t  f l i t  back 
and f o r t h  2000 times a second over a d i s t ance  of about 600 urn. 
Newton's second law t o  a sphe r i ca l  p a r t i c l e  equat ing  t h e  p a r t i c l e  mass times its 
acce le ra t ion  t o  t h e  Stokesian or viscous  drag  f o r c e s  

For a t y p i c a l  

Let us next  apply 
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where up is t h e  p a r t i c l e  v e l o c i t y ,  p p  t h e  p a r t i c l e  dens i ty ,  dp the  p a r t i c l e  diameter ug 
the  gas ve loc i ty ,  LI t h e  gas dynamic v i scos i ty  and T t h e  p a r t i c l e  r e l a x a t i o n  time. The 
p a r t i c l e  Reynolds number f o r  these cond i t ions  is r a t h e r  low in t he  range  2-10. Solu t ion  
of equation ( 2 )  wi th  ug = Ug sin(wt-4) where w is t h e  a c o u s t i c  frequency and t is t ime is 
of t h e  form 

where n p  is t h e  entrainment f a c t o r  of t h e  p a r t i c l e  and $ is t h e  phase angle  between 
p a r t i c l e  and gas motion. The f a c t o r  np is then  given by 

nP = l/(l+w2,2)Y 4 )  

For a p a r t i c l e  dens i ty  of 2300 kg/m3 corresponding t o  

For each of t h e  

Thus fo r  n 
t he  par t icye  s tands  still. 
f l y  ash d u s t  and f r equenc ie s  of 500, 1000 2000, 5000, 10.000 Hz, t h e  entrainment 
f a c t o r  qP is p l o t t e d  f o r  var ious  p a r t i c l e  diameters i n  F igure  3. 
frequencies t h e r e  is a c u t  p a r t i c l e  s i z e  below which p a r t i c l e s  a re  almost f u l l y  
en t ra ined .  For example, f o r  t h e  2000 Hz case  t h e  c u t  p a r t i c l e  s i z e  is about 4.5 pm. 
The l a rge  p a r t i c l e s  compared t o  t h e  c u t  s i z e  a r e  e s s e n t i a l l y  s t i l l ,  t h e  small 
p a r t i c l e s  a r e  moving through l a r g e  d isp lacementscol l id ing  w i t h  t h e  l a r g e  p a r t i c l e s ,  
adhering the  these  p a r t i c l e s  because of t he  l a r g e  Van d e r  Waal fo rces .  In a slowly 
convecting f i e l d  we can ,  t h e r e f o r e ,  t h ink  of t h e  l a rge  p a r t i c l e s  a s  c leaning  ou t  the  
smal l  p a r t i c l e s  thereby  gene ra t ing  empty spaces.  
unanswered ques t ions  i n  t h i s  f i e l d  has  been how t h e  r e f i l l  of these  swept o u t  
volumes occurs?  Every inves t iga to r  i n  t h i s  country and abroad has assumed e i t h e r  
e x p l i c i t l y  or t a c i t l y  t h a t  t h e  swept out volume would be r e f i l l e d  in j u s t  one cyc le  
without g iv ing  a j u s t i f i c a t i o n .  Penn S t a t e ' s  most r e c e n t  agglomeration a n a l y t i c a l  
model a l s o  is based on t h i s  premise and, a s  v i11  be shown l a t e r ,  g ives  good 
agreement between o u r  measurements and p red ic t ion .  

d r i f t i n g  spheres  a t  Reynolds numbers from 0-10. The i n t e r a c t i o n  of flow f i e l d s  
between two moving s p h e r i c a l  p a r t i c l e s  of unequal s i z e  r equ i r ed  the  so lu t ion  of t h e  
uncoupled Navier S tokes  Equations using 5 th  and 6 th  order Runge-Kutta-Verner method 
and applying exper imenta l ly  obtained express ions  f o r  t h e  drag  c o e f f i c i e n t  as a 
func t ion  of Reynolds number. Typical r e s u l t s  are shown i n  F igure  6 f o r  a 10  micron 
and a 1 micron p a r t i c l e  exposed t o  an acous t i c  f i e l d  of 150 dB a t  2500 Hz f o r  
s eve ra l  a c o u s t i c  cyc le s .  
is  shown a t  t he  o r i g i n  of t h e  p l o t .  
d i f f e r e n t  (one  a t  t he  time) p a r t i c l e s  en te r ing  from t h e  r i g h t  s i d e  a r e  shown w i t h  
each l i t t l e  c i r c l e  dep ic t ing  t h e  p a r t i c l e  a f t e r  each acous t i c  cyc le .  
spac ing  between l i t t l e  c i r c l e s  along a t r a j e c t o r y  t h e  l a r g e r  t h e  ve loc i ty .  
important conclus ion  t o  be drawn 13 t h a t  t h e  flow P i e l d  around t h e  l a r g e  p a r t i c l e  
causes the  small p a r t i c l e s  which a r e  v e r t i c a l l y  h igher  t han  10 microns t o  assume a 
S ign i f i can t  or thogonal  ve loc i ty  t o  t h e  acous t i c  ve loc i ty  thereby  being a b l e  t o  
r e f i l l  the  swept -c lear  volumes. 
microns du r ing  each cyc le  a s  shown in Figure 5. 
phenomenon exp la ins  about 85% of the  r e f i l l ,  t h e  r e s t  r e s u l t i n g  from g rav i t a t iona l  
and tu rbu len t  d i f f u s i o n  processes.  

modest s i ze s  are s u f f i c i e n t l y  robust t o  withstand t h e  r i g o r s  of the  flow through 
cyclones and e l e c t r o s t a t i c  p r e c i p i t a t o r s .  The r e sea rch  is  based on experimental  

= 1 f u l l  entrainment occurs  and for  n p  - 0 no entrainment occurs  meaning 

One of the long Standing 

We r e c e n t l y  completed an a n a l y t i c a l  i nves t iga t ion  of t h e  flow f i e l d  near  slowly 

The 120 micron p a r t i c l e  remains e s s e n t i a l l y  s t a t i o n a r y  and 
The t r a j e c t o r y  of t h e  c e n t r a l  pos i t i on  of 9 

The l a r g e r  t he  
The 

Actually the  p a r t i c l e s  sweep through about 250 
O u r  c a l cu la t ions  show t h a t  t h i s  

In a s epa ra t e  i n v e s t i g a t i o n  we have determined t h a t  t h e  agglomerates up t o  
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r e s u l t s  w i th  i n e r t i a l  s epa ra t ion  devices  ( impactors )  and comparing t h e  experienced 
shear stresses i n  impactors  as determined from theory ,  with t h e  shear stresses 
expected i n  cyclones.  

A f u r t h e r  experimental  i nves t iga t ion  has  e s t ab l i shed  t h a t  acous t i ca l ly  
generated turbulence  a t  t h e s e  high acous t i c  i n t e n s i t i e s  is not  the  dominant 
mechanism of agglomeration and that the a c o u s t i c  v e l o c i t i e s  as explained e a r l i e r  are 
the primary k i n e t i c  sources .  

agglomeration processes  using these j u s t  mentioned advances i n  our knowledge. The 
p r inc ipa l  mechanism is t h e  o r t h o k i n e t i c  process  inc lud ing  a l s o  Brownian movement and 
s e v e r a l  o the r  f a c t o r s .  The code is in  e f f e c t  a s imula t ion  of t h e  agglomeration 
process .  The i n i t i a l l y  l o g  normally d i s t r i b u t e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  is 
d iv ided  i n t o  a number (75)  of p a r t i c l e  s i z e  ranges.  A s  p a r t i c l e s  w i th in  ranges and 
p a r t i c l e s  from one range  c o l l i d e  w i t h  p a r t i c l e s  from another range, t h e  code moves 
the agglomerated p a r t i c l e s  i n t o  t h e  range conta in ing  p a r t i c l e s  of t h e  p a r t i c u l a r  
agglomerate s i z e .  The code assumes t h a t  a l l  c o l l i s i o n s  r e s u l t  in agglomerations and 
that  no break-up of agglomerates occur. Furthermore, t h e  r e s u l t s  of seve ra l  o ther  
e a r l i e r  i n v e s t i g a t i o n s  performed by us are included i n  t h e  model. For example; the  
r e s u l t s  of our f r a g i l i t y  s tudy  permit us t o  exclude f r a c t i o n a l  agglomerate 
break-ups; the a c o u s t i c a l l y  generated turbulence  s t u d i e s  permit us t o  cons ider  only 
acous t i c  ve loc i ty  caused aerodynamic flow f i e l d ;  our  r ecen t  r e s u l t s  wi th  t h e  f l u i d  
mechanics of t he  f low near sphe res  a t  low Reynold's numbers permit us t o  assume that 
r e f i l l  of swept ou t  volumes occurs  wi th in  j u s t  a very few o s c i l l a t o r y  periods.  A 
t y p i c a l  r e s u l t  is given i n  F igure  6 comparing experimental  r e s u l t s  from impactor 
measurements w i t h  o w  pred ic t ion .  The agreement is indeed most encouraging. What 
is a l s o  ev iden t  from t h i s  one example is t h a t  indeed we do ob ta in  very s i g n i f i c a n t  
agglomeration; i n  f a c t  the p a r t i c l e s  smal le r  than 6 microns a r e  e s s e n t i a l l y  
e l imina ted .  More on  t h e  mat te r  l a t e r .  We must point o u t ,  however, that the 
agreement between our i dea l i zed  model and experiment is not a s  good for higher 
a c o u s t i c  i n t e n s i t i e s  and longer time exposures.  We a r e  cont inuing  our r e sea rch  
toward improving the model. 

W e  have r e c e n t l y  developed a computer code for t h e  s imula t ion  of t h e  

DESCRIPTION OF THE 70OnF ACOUSTIC AGGLOMERATOR 

We have developed and used seve ra l  acous t i c  agglomerators over t h e  pas t  11  
years t h a t  w e  have been working i n  t h i s  f i e l d .  We are descr ib ing  here t h e  c u r r e n t l y  
ope ra t ing  a tmospher ic  p re s su re  agglomerator which permits temperatures up t o  700°F, 
sound pressure  l e v e l s  from 130-165 dB, sound f r equenc ie s  from 1000-4000 Hz, dus t  
loadings  from 2 gr/m3 t o  30 gr/m3, flow r a t e s  from 0.4 t o  4 f t / s e c  i n  t h e  8 f o o t  
long  agglomeration s e c t i o n .  Noise exposure s i n e s  t h e r e f o r e  range from 2 seconds t o  
20 seconds. 

The agglomerator is shown i n  t h e  p a r t i a l  s e c t i o n a l  view i n  Figure 7 and t h e  
system is shown i n  F igu re  8. S t a r t i n g  from t h e  l e f t  we have t h e  600 acous t i c  watt  
s i r e n  designed and b u i l t  a t  Penn S t a t e .  Compressed a i r  13 provided by a Roots-type 
blower. Pressure  t o  t h e  s i r e n  is con t ro l l ed  by means of a bypass valve.  We note  
that the  s i r e n  is a c o u s t i c a l l y  coupled t o  t h e  8-inch i n t e r n a l  diameter agglomerator 
chamber by an exponent ia l  type  acous t i c  coupler.  The 9.25 inch  long  t u b u l a r  s e c t i o n  
h a s  1 6  - 0.5 inch diameter exhaust ho les  f o r  t he  s i r e n  a i r .  
t r anspa ren t  b a r r i e r  prevents t h e  cold s i r e n  a i r  from flowing i n t o  t h e  heater sec t ion .  
The shee t  of fe l ted,  woven and s i n t e r e d  s t a i n l e s s  s t e e l  has a flow r e s i s t a n c e  of 110 
MUS r a y l s  g iv ing  an acous t i c  t ransmiss ion  l o s s  of only 4 dB. By au tomat ica l ly  
c o n t r o l l i n g  t h e  p re s su re  drop  ac ross  t h e  b a r r i e r  t o  about 1 inch of water,  we are 
a b l e  t o  minimize c o l d  s i r e n  a i r  flow i n t o  t h e  agglomeration chamber. 
ob ta ined  by an au tomat i ca l ly  con t ro l l ed  damper valve i n  the  f i n a l  exhaust s e c t i o n  of 
t h e  system. 
pressuresensor  which i n  t u r n ,  through appropr i a t e  e l e c t r o n i c s ,  c o n t r o l s  t he  s t epp ing  
motor ac t iva t ed  damper valve.  

The a c o u s t i c a l l y  

Control is 

We s e n s e  t h e  pressure  drop by means of a Valedyne d i f f e r e n t i a l  

A s l u i c e  type ga te  valve is i n s t a l l e d  as noted t o  
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Figure 7. Moderate Temperature Acoustic Agglomerator 

Figure 8 . Final Setup of Moderate Temperature Acoustic Agglomerator 
Facility 
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prevent hot a i r  backflow dur ing  the  many hours  of heater-only time t o  reach t h e  
desired system temperature.  

The 7.25 j acke ted ,  water cooled s e c t i o n  prevents heat conduction t o  t h e  s i r e n  
system thus p ro tec t ing  t h e  wooden horn and s i r e n  from over-temperature. 
s e c t i o n  c o n s i s t s  o f  a 1 4  inch  schedule 40 p ipe  wi th  150 l b .  f l anges  welded t o  each 
end. s i x  Chromolox Model KSEF-Koilfin e l e c t r i c  hea t ing  elements genera te  18.6 KW of 
hea t ing  power which is t r a n s f e r r e d  t o  the  a i r f low by convection. The s y s t e m  can be 
cyc led  a t  3 Hz holding t h e  temperature wi th in  j u s t  a few degrees.  A i r  ve loc i ty  over 
the hea te r s  is 10 f t / s e c .  t o  maintain proper hea t ing  element temperatures.  System 
schematic diagram F igure  10 shown t h e  Roots-type blower w i t h  bypass flow con t ro l  and 
o r i f i c e  meter flow sensor providing the hea t ing  a i r  t o  the  system. Only about  10% 
to 20% of t h e  heated a i r  a c t u a l l y  e n t e r s  t h e  agglomerator through 24-1/8 inch  
diameter angled ho le s .  An ad jus t ab le  s l eeve  Valve c o n t r o l s  t h e  exposure o f  these  
holes. The excess hot  a i r  is then passed through t h e  bypass cont ro l  valve i n t o  t h e  
a e r o s o l  d i s t r i b u t i o n  s e c t i o n  t o  hea t  t h e  ae roso l  t o  t h e  gas  temperature.  F ina l ly  
t h e  hot air  is exhausted t o  t h e  out-of-doors. The aerosol  concent ra te  d i s t r i b u t i o n  
system is a t tached  t o  the  hea te r  f l ange  a s  shown in Figure 7. Four equal l eng th  
copper tubes  from t h e  ae roso l  manifold a r e  connected t o  t h e  four  90" spaced holes on 
the 8 inch diameter tube.  

The ae roso l  genera tor  is a simple p la ted  s tandard  a s p i r a t o r  of  the  type  used i n  
l a b o r a t o r i e s  t o  o b t a i n  a vacuum source from a water supply.  I t  is modified by 
removing t h e  o r i g i n a l  vacuum l i n e  attachment and is connected t o  a c y l i n d r i c a l  g lass  
t ube  as t h e  r e s e r v o i r  f o r  t h e  dust.  A pulse of a i r  t r a v e l i n g  through the a s p i r a t o r  
c r e a t e s  a s h o r t  time dura t ion  low pressure  which causes  a con t ro l l ed  amount of  d u s t  
from the  r e s e r v o i r  t o  be sucked down t h e  p ipe  l i n e  and i n t o  the  agglomeration 
chamber. The pulsed a i r  is produced by pass ing  t h e  compressed a i r  through a 
so lenoid  va lve .  The time t h a t  t h e  a i r  is permi t ted  t o  flow through t h e  a sp i r a to r  
( p u l s e  time) and t h e  pulse  frequency a r e  con t ro l l ed  by a Pulse/Lapse Timer connected 
t o  the  so lenoid  v a l v e .  

i nch  gooseneck sampling probe is l oca t ed  in t h e  end of  t h e  sec t ion .  I sok ine t i c  
samples were drawn by t h e  RAC Staksampler i n t o  an Anderson M a r k  I11 pa r t i c l e - s i z ing  
s t a c k  impactor w h i c h  is designed f o r  use up t o  150O0F. The impactor c o n s i s t s  of a 
series o f  p l a t e s  w i t h  a number of ho les  arranged as shown i n  Figure 9 .  The holes 
a r e  d isp laced  on success ive  p l a t e s  so t h a t  a gas stream, a f t e r  going through the  
ho le s  i n  a p l a t e ,  impacts a su r face  and must make a sha rp  tu rn  t o  e n t e r  t h e  holes i n  
the next p l a t e .  The impactor opera tes  on t h e  theory  t h a t  a t  each s t a g e  smal le r  
p a r t i c l e s  flow w i t h  t h e  a i r  s t ream during t h e  sha rp  tu rn ;  l a rge r  p a r t i c l e s ,  due t o  
their  g rea t e r  i n e r t i a ,  w i l l  go  s t r a i g h t  t h e  depos i t  on t o  t h e  p l a t e .  A s  shown i n  
F igu re  9 each p l a t e  has ho le s  smaller than t h o s e  i n  t h e  previous p l a t e  and, 
t he re fo re ,  t h e  v e l o c i t y  inc reases  a t  each s t a g e ,  depos i t i ng  p a r t i c l e s  of g iven  s i z e  
r anges  a t  each l e v e l .  A f i n a l  f i l t e r  c o l l e c t s  any p a r t i c l e s  which remain a f t e r  t h e  
las t  p la te .  A g l a s s  f i b e r  s u b s t r a t e  w i t h  p roper ly  loca t ed  cu touts  is placed on each 
S tage  as the c o l l e c t i o n  medium. Each s u b s t r a t e  is  weighed bePore and a f t e r  exposure 
t o  determine t h e  mass of p a r t i c l e s  of each s i z e  c o l l e c t e d ;  and i t  is dehydrated 
be fo re  weighing to e l imina te  the  f a c t o r  of  t h e  weight of moisture.  
P a r t i c l e  d iameters  t ha t  w i l l  c o l l e c t  on a p l a t e  a t  each s t a g e  is determined by the  
ae roso l  f low r a t e  through t h e  impactor. 

ae roso l  be ing  t e s t e d .  

agglomeration t u b e  is covered completely wi th  2 inch  t h i c k  thermal i n s u l a t i o n  
(Calcium S i l i c a t e  or Epytherm) and aluminum s h e e t i n g  t o  reduce heat loss, increase  
acous t i c  t ransmiss ion  l o s s  and reduce temperature g rad ien t s  in t h e  tes t  s e c t i o n .  

The acous t i c  pressure  sensors  were a t tached  t o  small  water jacke ted  coolers  
which were screwed i n t o  t h e  hot agglomeration chamber pipe wall t o  provide 
p ro tec t ion  from the high temperatures.  

The hea ter  

Agglomeration t akes  p l ace  i n  t h e  8 foo t  long ,  8 inch schedule 40 pipe.  A 1/2 

The range  of 

The impactors a r e  preheated i n  a small furnace  t o  t h e  temperature of t h e  

The p ip ing  from the  upstream hea ter  f l ange  t o  t h e  end of the  8 foot  
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Figure 9 Schematic of Impactor Stage 

Dp vs X MASS 
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Because of t h e  importance of  the sound source i n  terms of i t s  o v e r a l l  
e f f i c i ency ,  r e l i a b i l i t y  and c o s t ,  we sha l l  desc r ibe  t h e  s i r e n  design i n  somewhat 
g r e a t e r  detai l .  Be fo re  dec id ing  on t h e  s i r e n  as a ve ry  promising sound source ,  we 
inves t iga t ed  s e v e r a l  o the r  p o t e n t i a l  high a c o u s t i c  sound p res su re  sources .  Hartmann 
Whist les  ( g e n e r a t o r s )  provide e f f i c i e n c i e s  of about 5%. A i r  powered, e l e c t r i c a l l y  
d r iven  o s c i l l a t i n g  s l e e v e  va lve  type  d r i v e r s  a r e  on t h e  market with a c o u s t i c  ou tpu t s  
i n  t he  2 KW t o  40 KW range. Their e f f i c i e n c i e s  a r e  i n  t h e  8% t o  10% range. These 
l a t te r  sound sources  can provide the broad band sound required i n  t h e  acous t i c  
f a t i g u e  test  i n s t a l l a t i o n s  f o r  which they were designed. General ly ,  they are not  
designed for  long l i f e  app l i ca t ions .  These sources  work a t  considerably lower 
frequencies  than needed f o r  a c o u s t i c  agglomeration. Another well-known h i g h  power 
sou rce  is t h e  S t .  Clair  generator  which is b a s i c a l l y  a resonant  cy l inde r  v i b r a t i n g  
i n  a n  axial mode. Kilowatt  range powers i n  t h e  1 t o  15 KHz range have been produced 
w i t h  ove ra l l  e f f i c i e n c i e s  i n  t h e  v i c i n i t y  of 6%. S i r e n s  have been shown to  be t h e  
on ly  sound source which promises t o  provide t h e  high o v e r a l l  e f f i c i e n c i e s  of from 50 
t o  60% required f o r  economically v i a b l e  a c o u s t i c  agglomerators i n  power p l a n t  
app l i ca t ions .  Also, properly designed s i r e n s  o f f e r  t h e  promise of t h e  r equ i r ed  long 
l i f e ,  high r e l i a b i l i t y ,  low o p e r a t i n g  c o s t s  and r e l a t i v e l y  low i n i t i a l  cos t  compared 
t o  o the r  systems.  

They have f r equenc ie s  i n  t h e  250-500 Hz range and produce acous t i c  power i n  the  
100-1000 watt range and are no t  very e f f i c i e n c y  sound producers.  We have, 
t he re fo re ,  developed t h e  technology t o  design high e f f i c i e n c y  r e l i a b l e  s i r e n s .  O u r  
work is  b u i l t  on a founda t ion  of research a t  Penn S t a t e  i n  t h e  1950's ,  some recen t  
exce l l en t  work i n  Poland,  Russia  and i n  Japan. The s i r e n  used i n  t h i s  r e sea rch  
develops about  600 a c o u s t i c  watts i n  t h e  des i r ed  frequency range g iv ing  us sound 
p res su re  l e v e l s  i n  t h e  8 inch  duct up t o  165 dB. Almost a l l  t h e  energy is contained 
i n  t h e  fundamental f requency.  

Recent Experimental Resu l t s  

Almost a l l  commerical s i r e n s  a r e  used for f i r e  and a i r  r a i d  warning systems. 

The agglomerator has performed r e l i a b l y  and t h e  r e s u l t s  were q u i t e  r epea tab le .  
We have used a processed f l y  ash dus t  cons i s t ing  p r imar i ly  of  S i l i c a ,  Alumina and 
I r o n  Oxide p a r t i c l e s .  A t y p i c a l  set of r e s u l t s  i n  shown i n  Figure 10 for a dust  
l oad ing  of about 2 g r / d  and an exposure t ime of 10 seconds.  
t h e  maximum agglomeration for t h i s  dens i ty  of dust  and t h i s  p a r t i c u l a r  s i z e  
d i s t r i b u t i o n  does occur  nea r  t h e  p red ic t ed  value of 2500 Hz wi th  c l e a r l y  less 
agglomeration a t  1290 Hz. E a r l i e r  experiments w i t h  heavier  white l e a d  dus t  followed 
p red ic t ion  and gave a n  optimum frequency of about 1500 Hz. 

The results show t h a t  

Space l i m i t a t i o n s  do no t  permit to  show t h e  f u l l  range of parametr ic  e f f e c t s .  

CONCLUSIONS 

Our t h e o r e t i c a l  and experimental  work has shown conclusively that a c o u s t i c  
agglomeration does result i n  s h i f t i n g  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  from submicron 
Sizes into t h e  10 micron and above s i z e  range. I n  order t o  achieve t h e  des i r ed  150 
to  160 dB s p e c i f i c  a c o u s t i c  powers of  from 0.1 t o  1 watt/cm2 are requ i r ed  for plane 
wave Propagation and less than  t h a t  fo r  s t and ing  wave chambers. 

We have reached an understanding of t h e  fundamental processes  and an a b i l i t y  t o  
model the process  pe rmi t t i ng  us  t o  perform approximate t rade-off  s t u d i e s  for var ious 
clean-up t r a i n  s t r a t e g i e s  invo lv ing  var ious types  of clean-up devices  a t  d i f f e r e n t  
l oca t ions  i n  t h e  system. For example, a ho t  gas clean-up system c o n s i s t i n g  of a 
p re s su r i zed ,  f l u i d i z e d  bed coa l  burner producing 10 atmospheres, 1650OF gas w i t h  a 
load ing  of 10,000 p a r t s  per mi l l i on  by weight w i t h  a p a r t i c u l a r  s i z e  d i s t r i b u t i o n  
followed by a Stairmand cyclone,  an acous t i c  agglomerator which is followed by a 
high e f f i c i ency  Van Tongeren cyclone. To meet t h e  r equ i r ed  25 ppmw dust  l oad ing  
requirement we p r e d i c t  exposure times of 9 seconds a t  155 dB, 5 seconds a t  160 dB 
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and 3 seconds a t  165 dB. 
chambers and high acous t i c  i n t e n s l t i e s  r e q u i r e  more power from t h e  power p l an t  C o s t  
t r a d e  of f  opt imizat ion s t u d i e s  can be performed. 
t h a t  t h e  power r equ i r ed  t o  ope ra t e  t h e  a c o u s t i c  agglomeration system is about 0.02 
t o  0.51 of t he  power plant  output .  
anywhere from 50 KW t o  1250 KW for t h e  a c o u s t i c  agglomeration system. A t  50% o v e r a l l  
e f f i c i e n c y  t h e  acous t i c  power would range from 25 KW t o  625 KW. 
l a r g e  acous t i c  powers when compared t o  t h e  a c o u s t i c  power output  of a 4 engine 
commercial j e t  a i r c r a f t  of about 36 KW on take-off .  

We a r e  continuing our r e sea rch  w i t h  U.S. Department of Energy support  t o  
f u r t h e r  improve our understanding of seve ra l  important a spec t s  of acous t i c  
agglomeration such as acous t i c  energy absorpt ion by hot gases and l a r g e  p a r t i c l e  
concen t r a t ions ,  nonl inear  a c o u s t i c  phenomena, output  and e f f i c i e n c y ,  t h e  e f f e c t  of 
acous t i c  agglomeration chamber geometry on t h e  acous t i c  f i e l d .  We a r e  a l s o  involved 
in s e v e r a l  other  app l i ca t ions  of a c o u s t i c  agglomeration for dus t  con t ro l .  

Since long exposure t imes mean l a r g e  agglomeration 

A s  a general  s t a t emen t ,  w e  can say  

For a 250 megawatt power plant  we would need 

These a r e  very 
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